The clinical success of treating corneas with total limbal stem cell deficiency using limbal biopsy explants cultured on intact amniotic membrane (iAM) relies on ex vivo expansion of limbal epithelial progenitor cells. However, the ultimate fate of limbal epithelial progenitor cells in the explant remains unclear. METHODS. Human limbal explants were cultured on iAM for 2 weeks and then removed and transferred to a new iAM until passage 3. The outgrowth surface area of each passage was measured and compared. For each passage, clonogenicity on 3T3 fibroblasts feeder layers was compared among progenitor cells removed from the outgrowth, the explant surface, and the remaining stroma. Cryosections of the explant and the outgrowth were detected with p63, vimentin, pancytokeratin, and the basement membrane components type VII and IV collagen and laminin 5 antibodies. RESULTS. The outgrowth surface area significantly decreased from passage (P)1 to P3. The total number of epithelial cells that were isolated from the explant surface also decreased from before culture (P0) to P1, became stable from P1 to P2, but was uncountable at P3. Clonogenicity significantly declined from P1 to P3 for the epithelium derived from the explant surface and the outgrowth epithelium; the extent was less in the former than in the latter at P2 and P3. In addition, groups of epithelial cells invaded the limbal stroma of the explants from P1 to P3; p63(ϩ)/pancytokeratin(Ϫ) and p63(ϩ)/vimentin(ϩ) cells also presented in the limbal stroma. Increasing fibroblast, but not epithelial, colonies were observed from cells isolated from the remaining limbal stroma when seeded on 3T3 fibroblast feeder layers from P1 to P3. CONCLUSIONS. During ex vivo expansion on iAM, some limbal epithelial progenitor cells indeed migrate onto iAM from the explant surface, whereas some also invade the limbal stroma, very likely undergoing epithelial-mesenchymal transition. This new information should be taken into account in formulating new strategies to improve the expansion protocol. (Invest Ophthalmol Vis Sci. 2007;48:605-613)
T he epithelial progenitor cells including stem cells of the cornea are located in the limbal basal layer and serve as the ultimate source for constant corneal epithelial renewal. 1 Like those in other tissues, limbal epithelial progenitor cells are supported by a unique stromal microenvironment called the stem cell niche, which presumably consists of certain extracellular matrix components, cell membrane-associated molecules, and unique cytokine dialogues. 2 Destructive loss of limbal stem cells or dysfunction of their stromal niche causes many corneas to have blinding limbal stem cell deficiency. 1, 2 Transplantation of cryopreserved amniotic membrane (AM) is sufficient to treat partial limbal stem cell deficiency, 3, 4 suggesting that AM may be used as an ideal substrate to promote expansion of limbal epithelial stem cells in vivo. Nevertheless, this surgical procedure cannot be used to treat the total limbal stem cell deficiency caused by chemical and thermal injuries, Stevens-Johnson syndrome (SJS), and ocular cicatricial pemphigoid, without transplantation of autologous 5 or allogeneic 6 limbal epithelial stem cells (for reviews, see Refs. 7-9).
One emerging surgical strategy for restoring a normal corneal epithelial surface on these limbal-deficient corneas is to transplant limbal corneal epithelial progenitor cells expanded ex vivo on AM. 10 -14 To achieve this objective, one protocol is to cultivate a limbal biopsy specimen on an intact cryopreserved AM (iAM). [15] [16] [17] The resultant AM composite graft with ex vivo expanded limbal epithelial progenitor cells has successfully reconstructed corneas with total limbal stem cell deficiency in a rabbit study after 1 year of follow-up 14, 18, 19 and in several human studies. 10, 20 Other practicing protocols differ from the aforementioned one in the use of epithelially denuded AM, 21, 22 suspension of epithelial cells rather than explants, 21, 22 or cocultivation of 3T3 fibroblast feeder layers. 22, 23 At the present time, no study been conducted to compare these cultivation variables thoroughly, to determine which one(s) is vital in achieving effective expansion of limbal epithelial progenitor cells. One critical factor that may influence the long-term clinical outcome of this surgical procedure is whether a sufficient number of limbal epithelial progenitor cells has been successfully expanded. Because the expanded epithelium from limbal explants on iAM adopts a limbal epithelial phenotype whereas that expanded on epithelially denuded AM reveals a corneal epithelial phenotype, 17 we have assumed that limbal epithelial progenitor cells have migrated from the explant onto iAM during cultivation. Even if this were the case, it remains unclear whether such migration continues indefinitely. Recently, we reported that limbal basal epithelial progenitor cells can also invade the limbal stroma when rabbit limbal explants are cultured on a collagen-coated substrate at the air-medium interface. 24 Furthermore, these invading epithelial progenitor cells undergo epithelium-mesenchymal transition (EMT) into fibroblasts. 24 Therefore, it also remains unclear whether such a phenomenon also takes place in human limbal explants cultured on iAM. To answer these questions, we undertook the investigation described herein and discovered that there was a progressive decline in the number of epithelial progenitor cells migrating from the explant and that such a decline was attrib-utable in part to the cells' invading the limbal stroma. This important finding underscores the necessity of further modifying this ex vivo expansion protocol to achieve a higher success in clinical transplantation.
MATERIALS AND METHODS
HEPES-buffered Dulbecco's modified Eagle's medium (DMEM), Ham's/ F12 medium, amphotericin B, gentamicin, fetal bovine serum (FBS), newborn calf serum (NCS), mouse epidermal growth factor (EGF), and 0.05% trypsin-0.53 mM EDTA were purchased from Invitrogen (Carlsbad, CA). Hydrocortisone, dimethyl sulfoxide, cholera toxin, insulintransferrin-sodium selenite media supplement, mitomycin C, bovine serum albumin (BSA), Triton X-100, mouse monoclonal anti-pancytokeratin, type IV and VII collagen antibodies, FITC-conjugated goat anti-mouse IgG antibody, 3% hydrogen peroxide, propidium iodide (PI), Hoechst 33342 dye, and 4% formalin were all from Sigma-Aldrich (St. Louis, MO). Dispase II was obtained from Roche (Indianapolis, IN); Swiss albino 3T3 fibroblasts from ATCC (Manassas, VA); a cell viability kit (LIVE/DEAD) from Invitrogen-Molecular Probes (Eugene, OR); an ABC kit (Vectastain Elite) for mouse IgG and mounting medium (Vectashield) from Vector Laboratories (Burlingame, CA); mouse monoclonal anti-p63 antibody (Clone 4A4) and diaminobenzidine (DAB) from DakoCytomation (Carpinteria, CA); rabbit monoclonal anti-vimentin antibody from abcam (Cambridge, MA); mouse monoclonal anti-laminin 5 antibody from Chemicon International, Inc. (Temecula, CA); and optimal cutting temperature (OCT; Tissue-Tek) compound from Sakura Finetek (Torrance, CA).
Human Tissue Preparation
Human tissue was handled according to the Declaration of Helsinki. Corneoscleral tissues from human donor eyes were obtained from the Florida Lions Eye Bank (Miami, FL) immediately after the central corneal button had been used for corneal transplantation. The tissue was rinsed three times with DMEM containing 50 g/mL gentamicin and 1.25 g/mL amphotericin B. After careful removal of excessive sclera, conjunctiva, iris, and corneal endothelium, the remaining tissue was placed in a culture dish and exposed to 10 mg/mL Dispase II in supplemented hormonal epithelial medium (SHEM) at 37°C under humidified 5% CO 2 for 10 minutes. After three rinses with SHEM for 10 minutes each, each corneoscleral rim was trimmed to obtain 12 limbal tissue cubes of 1-clock-hour width (i.e., an approximately 1 ϫ 1.5 ϫ 2.5-mm size). The whole experiment was conducted using five corneoscleral rims which generated a total of 60 explants.
Human Limbal Explant Cultures on Intact Amniotic Membrane
Cryopreserved human AM was kindly provided by Bio-Tissue (Miami, FL) and was managed according to the Declaration of Helsinki. After thawing at room temperature, AM with the epithelium intact and facing up was fastened to a culture insert, as previously reported. 25 On the center of each AM insert, a human limbal explant was cultured in SHEM made of an equal volume of HEPES-buffered DMEM and Ham's F12. The medium was supplemented with 5% FBS, 0.5% dimethyl sulfoxide, 2 ng/mL mouse EGF, 5 g/mL insulin, 5 g/mL transferrin, 5 ng/mL selenium, 0.5 g/mL hydrocortisone, 1 nM cholera toxin, 50 g/mL gentamicin, and 1.25 g/mL amphotericin B. Cultures were incubated at 37°C in 5% CO 2 and 95% air, and the medium was changed every 2 to 3 days. After 2 weeks of culture (defined as passage [P]1), the outgrowth area was measured by scanning the border of the outgrowth. Some explants were removed and embedded in OCT compound for cryosectioning, and some were removed for isolation of the surface epithelial sheet, as described later. The remaining explants were passaged to new AM inserts and cultured in the same manner for 2 weeks (defined as P2). Again, cultures and explants were terminated in the same manner as described earlier. The same method of transfer and culturing was performed until the end of P3.
Harvesting of Epithelial Sheets from Explants and the Outgrowth on AM
Limbal epithelial sheets were isolated directly from limbal explants before and after cultivation, based on our modified digestion method using 10 mg/mL Dispase II in SHEM at 4°C for 16 hours. 26 Under a dissecting microscope, the limbal epithelial sheet was separated by inserting and sliding a noncutting, flat, stainless-steel spatula into a plane between the limbal epithelium and the stroma. Epithelial sheets were also isolated from the outgrowth expanding on iAM by first making a trephine cut of 7 mm in diameter including the underlying AM and then by incubating it in 10 mg/mL Dispase II in SHEM at 37°C for 15 minutes. The epithelial sheet was then separated under the dissecting microscope using the technique just described.
Epithelial Colony Formation Assay on 3T3 Fibroblast Feeder Layers
Epithelial sheets harvested from the surface of limbal explants and from the outgrowth on AM were treated with 0.05% trypsin/0.53 mM EDTA at 37°C for 15 minutes to be rendered into single cells. The remaining limbal explant stroma was digested with 1 mg/mL collagenase A in SHEM at 37°C for 16 hours to isolate cells remaining in the stroma. A colony formation assay for epithelial progenitor cells followed the method reported by Rheinwald and Green 27 for epidermal keratinocytes and modified and adopted by us for limbal epithelial cells. 28 In brief, Swiss albino 3T3 fibroblasts, grown in DMEM containing 10% NCS at 80% subconfluence, were treated with 5 g/mL mitomycin C for 2 hours and then trypsinized and plated at a density of 2 ϫ 10 4 cells/cm 2 in 60-mm dishes. Epithelial cells isolated from the surface epithelium of the explant and the outgrowth as mentioned earlier were seeded at a density of 30 cells/cm 2 in 60-mm dishes on 3T3 fibroblasts feeder layers in SHEM. Entire cells isolated from the remaining stroma were also seeded on 3T3 fibroblasts feeder layers. Cultures were incubated at 37°C under 5% CO 2 and 95% humidity, and the medium was changed every 2 to 3 days. Colonies were fixed by 4% formalin 12 days later, stained with crystal violet, and photographed.
Histology and Immunostaining
Frozen sections of 4 m thickness obtained from the explants as well as the epithelial outgrowth on AM were fixed in acetone at Ϫ20°C for 10 minutes and stained with hematoxylin for histology. For immunofluorescence staining, fixed sections were incubated in 0.2% Triton X-100 for 10 minutes. After three rinses with PBS for 5 minutes each and preincubation with 2% BSA to block nonspecific staining, sections were incubated with primary antibodies for 1 hour. After three washes with PBS for 15 minutes, the sections were incubated with an FITCconjugated secondary antibody (goat anti-mouse IgG at 1:200) for 1 hour. After three additional PBS washes for 5 minutes each, the sections were mounted with an antifade solution and photographed with an epifluorescence microscope. For double staining of p63 and pancytokeratin or vimentin, immunohistochemical staining of p63 was conducted first. After fixation, the endogenous peroxidase activity was blocked by 0.6% hydrogen peroxide for 10 minutes. Nonspecific staining was blocked by 1% normal goat serum for 30 minutes. The sections were then incubated with anti-p63 monoclonal (4A4) antibody (1:50) for 1 hour. After three washes with PBS for 15 minutes, the sections were incubated with biotinylated anti-mouse IgG (1:100) for 1 hour followed by incubation with ABC reagent for 30 minutes, the reaction product was then developed with DAB for 2 minutes. After that, the sections were washed with PBS for 15 minutes and blocked again with 2% BSA, followed by immunofluorescence staining with pancytokeratin or vimentin. Nuclei were counterstained with PI or Hoechst 33342, and the sections were mounted with antifade solution. Images were photographed at the same location with an epifluorescence and a light microscope, separately. 
Statistical Analysis
Summary data are reported as the mean Ϯ SD. Group means were compared using the appropriate version of Student's unpaired t-test.
Test results are two-tailed, where P Ͻ 0.05 is considered statistically significant.
RESULTS

Successful Separation of Epithelial Sheets from Limbal Explants and Outgrowth on iAM
From a limbal explant tissue, a limbal epithelial sheet ( Fig. 1A ) was successfully isolated from the remaining stroma ( Fig. 1B ) using our reported modified method of Dispase II digestion. 26 Complete removal of epithelial cells was verified by pancytokeratin staining of the isolated epithelial sheet (Fig. 1C) , whereas the remaining stroma did not contain pancytokeratin(ϩ) epithelial cells (Fig. 1D) . For further confirmation further that limbal epithelial progenitor cells had been totally separated from the limbal stroma, trypsinized epithelial cells from the limbal epithelial sheet were seeded on 3T3 fibroblasts feeder layers, cultured for 12 days, and generated vivid clonal growth (Fig. 1E) . In contrast, cells isolated from the remaining stroma by collagenase digestion did not reveal any epithelial colony on 3T3 fibroblast feeder layers (Fig. 1F ).
The limbal explant was then cultured on iAM for 2 weeks and generated a visible epithelial outgrowth (Fig. 1G) . A 7-mm trephine was used to remove the epithelial outgrowth together with the underlying AM and the sections were subjected to Dispase II digestion (Fig. 1H) , resulting in successful isolation of the entire epithelial sheet from the remaining AM (Figs. 1I,  1J ). Isolated epithelial cells retained 100% viability (LIVE/DEAD cell-viability assay; Invitrogen-Molecular Probes; Figs. 1K, 1L ).
These results collectively confirmed that our isolation methods were capable of removing the entire epithelial sheet from the surface of the limbal explant and from the AM after cultivation.
Migration of Limbal Epithelial Progenitor Cells from Limbal Explants to iAM
To investigate whether epithelial cells continuously migrated from the limbal explant onto the iAM, we cultured 50 limbal explants on iAM and successively passaged them until P3. The surface area of epithelial outgrowth was measured at the end of a 2-week cultivation for each of the three passages. The results showed that the surface area decreased significantly from P1 (n ϭ 41) to P2 (n ϭ 23) and to P3 (n ϭ 10; P1 vs. P2, P ϭ 0.002; P2 vs. P3, P Ͻ 0.001; Fig. 2A ). Cells isolated from the same surface area of the epithelial outgrowth by a 7-mm trephine were counted. The result showed that the total number of cells also significantly decreased from P1 to P2 (Fig. 2B , P ϭ 0.004, n ϭ 5). Cells isolated from the surface of the entire limbal explant were also counted. The results showed that the total number of cells per explant decreased significantly from P0 to P1 (P ϭ 0.002, n ϭ 5), that there was not a significant difference between P1 and P2 (P ϭ 0.08, n ϭ 5), and that the cells were uncountable at P3 (Fig. 2C) . These results collectively indicated that the extent of epithelial outgrowth migrated from the explant progressively declined with an increase in the cell size when cultured on iAM and that the number of epithelial cells remaining on the surface of the explant also progressively declined with time.
To determine whether the decline in the number of cells and the enlargement of the cell size was a reflection of limbal epithelial progenitor cells, we isolated cells from the surface epithelium of the limbal explant and from the explant outgrowth at each passage and seeded the same density of 30 In contrast, cells isolated from the remaining stroma did not form any epithelial colony on 3T3 fibroblast feeder layers (F). Epithelial outgrowth generated by limbal explant culture on iAM was visible after 2 weeks' cultivation (G). A 7-mm trephine was used to remove the outgrowth together with the underlying AM (G, inset), and the section was subjected to Dispase II digestion (H, dotted circle in G). The remaining AM (I) did not contain any epithelial cells, as shown by cell-viability assay (K). In contrast, the isolated epithelial sheet (J) contained 100% viable cells, according to the viability assay (L). It should be noted that trephination was intentionally performed to include the border of the outgrowth (H, arrow) and to verify the completion of such isolation by showing such a border of the isolated epithelial sheet (J, arrow). For the data presented in the study, trephination was performed to include only the epithelial outgrowth. Bars, 100 m.
IOVS,
A total of five explants, each derived from a different donor limbal rim, were performed for each passage, and the representative crystal violet-stained dishes from different passages of the same donor limbal rim are shown in Figure  3A . Epithelial colonies notably decreased from P1 to P3 in both the surface epithelium of the explant (Fig. 3A, left column) and in the epithelial outgrowth (Fig. 3A, middle column) . Epithelial colonies from the explant surface were larger than those from the outgrowth at P1, whereas there were more epithelial colonies from the outgrowth than the explant surface at P2 and P3. At P3, there was no colony formed from epithelial cells isolated from the explant surface, whereas some small epithelial colonies could still be generated from the outgrowth epithelium. These results collectively indicated that limbal epithelial progenitor cells indeed migrated from the limbal explant to iAM during ex vivo expansion. However, such progenitor cells progressively declined in number after each passage. Furthermore, limbal epithelial progenitor cells remaining on the surface of the explant also declined in number after each passage, suggesting that there was an overall loss of the potency of these cells. Of note, cells isolated from the remaining stroma by collagenase yielded only increasing fibroblasts, but not epithelial cell colonies, from P1 to P3 when seeded on 3T3 fibroblasts feeder layers (Fig. 3A, right column) . Phase-contrast photographs showed typical epithelial colonies generated from the explant (Fig. 3B) and outgrowth ( Fig. 3C ) epithelial cells, whereas cells from explant stroma generated only fibroblast colonies (Fig. 3D ).
Intrastromal Invasion of Limbal Epithelial Progenitor Cells during Successive Passages on AM Culturing
Because limbal epithelial progenitor cells invade the limbal stroma when rabbit limbal explants are cultured on a collagencoated substrate and exposed to the air-medium interface, 24 we wondered whether a similar phenomenon might also occur in human limbal explants cultured on iAM in a submerged manner. To do so, we removed five limbal explants from each FIGURE 2. Decline of limbal epithelial cell outgrowth from limbal explants during successive passages. The surface area of epithelial outgrowth was measured when the same limbal explant was transplanted to a new AM every 2 weeks for three passages. (A) The surface area decreased significantly from P1 to P3 (P ϭ 0.002 for P1 vs. P2 and P Ͻ 0.001 for P2 vs. P3; n ϭ 41 for P1, n ϭ 23 for P2, n ϭ 10 for P3). (B) Cells from the outgrowth were isolated and counted, and the number of cells from the unit surface area (7 mm diameter) also significantly decreased from P1 to P2 (P ϭ 0.004, n ϭ 5). (C) The number of cells from the surface of the explant also decreased significantly from P0 to P1 (P ϭ 0.002, n ϭ 5), but did not show a significant difference between P1 and P2 (P ϭ 0.08, n ϭ 5). passage, each from a different donor limbal rim, at the end of 2 weeks of culturing and subjected them to frozen sectioning. Hematoxylin staining showed that the surface of the control limbal explant before cultivation (P0) was covered by a stratified epithelium of four to six cell layers (Figs. 4A, 4B ). In contrast, the number of epithelial cell layers on the explant surface progressively decreased from P1 to P3, to a level where the cells did not form a continuous layer. This finding helps explain why there was a progressive decline of the total number of cells that could be isolated from the explant surface (Fig.  2C) . In an intriguing finding, groups of epithelioid cells were observed in the limbal stroma of P1 (Figs. 4C, 4D ) and P2 (Figs. 4E, 4F) explants, but not in those at P0 and P3 (Figs. 4G, 4H ).
To verify that the aforementioned intrastromal epithelioid cells were indeed epithelial cells, cryosections were stained with pancytokeratin antibody, a marker that recognizes different keratins in simple and stratified epithelium. For the control explant before cultivation (P0), positive epithelial staining was noted only on the surface of limbal (Fig. 4I ) and peripheral corneal regions (Fig. 4J) . For the explant at P1, epithelial cells indeed migrated onto the corneal cut edge (Fig. 4L) . Epithelial cell layers on both limbal and peripheral corneal regions decreased after successive passages from P1 to P3, with only sporadic epithelial cells left on the P3 explant surface (Figs.  4O, 4P ). Groups of epithelioid cells found in the limbal stroma by hematoxylin staining were confirmed to be epithelial cells by positive pancytokeratin staining. Such cells were abundant at P1 (Fig. 4K ) but decreased at P2 (Fig. 4M) and became negligible at P3 (Fig. 4O) . In contrast, epithelial cells were found only on the surface but not in the stroma of the peripheral cornea at all passages. These results collectively indicate that besides migration to AM, some limbal epithelial cells also invaded the limbal stroma during ex vivo expansion.
To illustrate further the intrastromal invasion of limbal epithelial cells, we investigated the basement membrane components on P0 and P1 explants. As expected, type VII collagen and laminin 5 exhibited linear band staining in the limbal and peripheral corneal epithelia, type IV collagen presented in the limbus but not the peripheral cornea in P0 explant before culture as reported 29 (data not shown). After 2 weeks of culturing, all these basement membrane components were partially dissolved and broken down both in the limbus (Figs. 5A-C) and the peripheral cornea (Figs. 5D-F) . However, intrastromal invading cells that were surrounded by basement membrane components were found only in the limbal stroma, but not in the peripheral corneal stroma, indicating that intrastromal invasion was restricted to limbal epithelial cells.
To examine whether these invading epithelial cells contained epithelial progenitor cells, we performed double staining of p63, a marker thought to be expressed by basal epithelial progenitor cells of all stratified epithelia 30 -33 and pancytokeratin. For P0 explant before cultivation, as expected and shown P3 (H). (B, D, F, H are the boxed areas of A, C, E, G, respectively) . Pancytokeratin staining showed that epithelial cells were only noted on the surface of the limbal (I) and the peripheral corneal (J) region of the explant before cultivation (P0). In contrast, epithelial cells migrated onto the corneal cut edge of the explant at P1 (L). Epithelial cell layers on both the limbal (K, M, O, represent P1, P2, and P3, respectively) and the peripheral (L, N, P, represent P1, P2, and P3, respectively) corneal regions decreased in successive passages from P1 to P3, resulting in only sporadic epithelial cells left on the surface of P3 explant. Groups of epithelial cells were found in the limbal stroma at P1 (K), decreased at P2 (M), and became negligible at P3 (O). Bar, 100 m.
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in Figure 4I , all cells in the surface epithelium showed positive staining for pancytokeratin (Fig. 6A) . In these multiple epithelial cell layers, most basal and some suprabasal epithelial cells showed positive nuclear staining for p63 (Fig. 6B) . No cell in the limbal stroma showed positive staining for pancytokeratin or p63. In contrast, for P1 and P2 explants, pancytokeratin staining revealed groups of epithelial cells in the stroma (Figs. 6C, 6E, respectively). For P1 explants, some of these pancytokeratin(ϩ) epithelial cells, either as a group or as single cells, retained p63(ϩ) nuclear staining (Figs. 6C, 6D , respectively). However, some cells with positive nuclear staining for p63 were negative for pancytokeratin staining (Figs. 6C, 6D , arrows). In P2 explants, cells showing positive nuclear staining for p63 but negative staining for pancytokeratin were located at the periphery of the invading epithelial cluster (Figs. 6E, 6F , arrows). In contrast, cells in the center of the invading cluster were positive for pancytokeratin staining but negative for p63 staining. In the outgrowth epithelium, all epithelial cells were positive for pancytokeratin whereas some also expressed nuclear staining for p63 in all passages (data not shown). These results confirm that some invading cells indeed were p63-expressing epithelial progenitor cells. However, some invading cells had lost the keratin-expressing epithelial characteristic.
To determine whether the invading limbal epithelial progenitor cells had undergone the epithelial-mesenchymal transition, we performed double-staining of p63 and vimentin in the explant. Results showed vimentin (Figs. 7A, 7C, 7E ) and p63 (Figs. 7B, 7D, 7F ) double-stained cells were in the limbal stroma from all the passages except P0. Furthermore, there were also some p63(ϩ) cells in the limbal stroma that did not express vimentin. Vimentin and p63 double-stained cells were also presented on the surface of P2 explant (Figs. 7C, 7D) . Consistent with the previous report, 34, 35 vimentin(ϩ)/p63(Ϫ) cells are also present in the limbal basal layer of the explant before culture (data not shown).
DISCUSSION
Our experiments clearly demonstrated two fates of limbal epithelial progenitor cells in the limbal explant during cultivation on iAM (Fig. 8) . The first fate was migration of some progenitor cells from the explant onto AM. These progenitor cells expressed nuclear p63 (data not shown), a finding consistent with an earlier report by Hernandez et al., 31 and generated epithelial colonies on 3T3 fibroblast feeder layers (Fig.  3C ). This result is consistent with our previous report that limbal epithelial progenitor cells are preserved during ex vivo expansion on iAM. [15] [16] [17] 36 This baseline information also constitutes the basis for us to investigate whether limbal epithelial progenitor cells migrate from explant to iAM in serial passages.
Our study further noted that clonal growth from the surface epithelium of the explant reached the highest point at P1 (Fig.  4) , suggesting that some epithelial progenitor cells still resided in the explant after migration onto the iAM. Colonies generated from the explant surface epithelium were bigger and rounder than those from the outgrowth epithelium at P1, indicating that during the first 2 weeks of culture, cells migrating onto the iAM may contain more transient amplifying cells than stem cells based on keratinocyte experiments. 37 Nevertheless, the aforementioned clonogenicity of epithelial cells from the explant surface declined from P1 to P3, eventually resulting in the lack of any colony formation at P3 (Fig. 3A) . This finding indicated that epithelial progenitor cells were eventually exhausted during continuous migration from the limbal explant in 6 weeks. Such exhaustion was supported by the progressive decrease in the outgrowth surface area and in the total number of cells at a defined area of 7 mm in diameter (Fig. 2) , also implying progressive enlargement of epithelial cells. This interpretation could be explained in part by the decrease in the total number of epithelial cells isolated from the outgrowth (Fig. 2B ) and of epithelial cell layers remaining on the explant surface (Fig. 4) from P0 to P3. Of note, there were more colonies generated from epithelial cells obtained from the outgrowth than from the explant surface at P2 and P3 (Fig. 3) , suggesting that there might be more epithelial progenitor cells in the outgrowth than those retained on the explant surface after P1. Alternatively, iAM may provide a better niche for limbal progenitor cells to maintain their phenotype than does the limbal stroma in P2 and P3. The aforementioned gradual exhaustion of limbal epithelial progenitor cells during three successive passages is further caused by the second fate of limbal epithelial progenitor cells that underwent intrastromal invasion. Such a conclusion was first supported by the presence of pancytokeratin(ϩ) epithelial cells in the limbal, but not peripheral corneal, stroma (Fig. 4) , a finding resembling that reported in rabbit limbal explant cultures. 24 Second, basement membrane components such as type VII and IV collagen and laminin 5 were all partially dissolved both in the limbus and the peripheral cornea after the first 2 weeks of cultivation, whereas epithelial cells that were surrounded by fragmented basement membrane components were seen only in the superficial limbal stroma but not in the peripheral cornea (Fig. 5) . These findings indicated that these epithelial cells moved to the limbal stroma, most likely through intrastromal invasion instead of migration from the edge of the explant. This notion was further supported by the fact that all cryosections were harvested from the middle of the explant. Third, in P1, double staining with p63 and pancytokeratin further showed that most of the invading cells were positive for both p63 and pancytokeratin, indicating their status as epithelial progenitor cells (Fig. 6) . Moreover, there were some cells that expressed cytokeratins but no longer showed positive nuclear staining for p63 in the limbal stroma at P2 (Figs. 7E, 7F), indicating that these cells were more differentiated and may have lost progenitor status. Because intrastromal invasion only happened in the limbal area, we presume that these p63(Ϫ)/pancytokeratin(ϩ) cells were derived from invading progenitor cells.
Of note, double staining of p63 and pancytokeratins also showed that many p63(ϩ) cells no longer expressed pancytokeratin in the limbal stroma, both in P1 and P2 (Fig. 6) . Double staining for p63 and vimentin, however, revealed some p63(ϩ)/vimentin(ϩ) cells in the limbal stroma (Fig. 7) , indicating the loss of the epithelial cell phenotype. It should be mentioned that although vimentin is widely used as a mesenchymal cell marker 38 and has been used to demonstrate EMT, 39 it is also expressed in migrating epithelial cells during wound healing. 40 In this study, because 3T3 fibroblast feeder layer assays showed that cells harvested from the remaining limbal stroma yielded increasing fibroblastic, but not epithelial, colonies from P1 to P3 (Fig. 3) , pancytokeratin(ϩ) cells also decreased, whereas vimentin(ϩ) cells increased in limbal stroma during serial passages, we strongly suspect that such invading cells not only lose the progenitor cell status to generate epithelial cells but also turn into mesenchymal cells. If our interpretation is correct, we speculate that invading epithelial cells may have undergone EMT into fibroblasts in the same way as was observed in the rabbit model. 24 In the rabbit model, intrastromal invasion only happened when the explant was exposed to the air-medium interface, but not in submerged culture. 24 However, in the present study, intrastromal invasion happened in the submerged culture. Besides the obvious dif-FIGURE 6. Double staining of pancytokeratin and p63. For P0 explant before cultivation, all cells in the surface epithelium were pancytokeratin(ϩ) (A), whereas most of the basal and some suprabasal epithelial cells showed p63(ϩ) nuclear staining (B) . No cell in the limbal stroma showed positive staining for pancytokeratin or p63. In contrast, in P1 and P2 explants, pancytokeratin staining revealed groups of epithelial cells in the stroma (C, E, respectively). In P1 explants, some of these pancytokeratin(ϩ) epithelial cells retained p63(ϩ)nuclear staining (C, D). However, some cells with p63(ϩ) nuclear staining were pancytokeratin(Ϫ) (C, D, arrows). Cells showing p63(ϩ) staining but pancytokeratin(Ϫ) staining were located at the periphery of the invading epithelial cluster (E, F, arrows, dotted lines outline the border of invading epithelial clusters) for P2 explants. In contrast, cells in the center of invading epithelial clusters were positive for pancytokeratin but negative for p63. Bar, 50 m. 
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